Attempts to resolve the question of the identity or non-identity of the so-called staphylococcus toxins have made use of tests of thermostability, without, however, leading to any general agreement as to the heat-resistance of any of the particular toxic fractions. Nor have these tests revealed the essential nature of the substances concerned in the different manifestations of toxic action. The so-called alpha-lysin appears to have been the toxin most extensively studied, with results wholly discordant. Seemingly, this can only mean either that the alpha-lysin has no fixed properties or that in the differences found the strain of origin and the method of cultivation are deternmining factors, in other words, that whether the lysin which acts on rabbit erythrocytes is highly sensitive to heat or is relatively resistant to heat is a matter regulated by the strain producing and the conditions surrounding production of that particular lysin. With this, of course, is coupled the fact that tests with such lysins are always made with materials in which the lysin is admixed with many complex substances derived from the medium, elaborated by the staphylococci in their metabolism, or yielded by dissolution of the organisms.
Attempts to resolve the question of the identity or non-identity of the so-called staphylococcus toxins have made use of tests of thermostability, without, however, leading to any general agreement as to the heat-resistance of any of the particular toxic fractions. Nor have these tests revealed the essential nature of the substances concerned in the different manifestations of toxic action. The so-called alpha-lysin appears to have been the toxin most extensively studied, with results wholly discordant. Seemingly, this can only mean either that the alpha-lysin has no fixed properties or that in the differences found the strain of origin and the method of cultivation are deternmining factors, in other words, that whether the lysin which acts on rabbit erythrocytes is highly sensitive to heat or is relatively resistant to heat is a matter regulated by the strain producing and the conditions surrounding production of that particular lysin. With this, of course, is coupled the fact that tests with such lysins are always made with materials in which the lysin is admixed with many complex substances derived from the medium, elaborated by the staphylococci in their metabolism, or yielded by dissolution of the organisms.
Nothing would be gained by reviewing all reported data; only four of the more recent papers will be mentioned, the first by Rigdon.7 This author reports on the testing of alpha-lysin for heatsusceptibility by exposing the toxin for periods varying from 10 to 120 minutes at temperatures varying between 45 and 570 C. He found that the lability was very great, the larger part of the lysin destruction taking place within the first 30 minutes of heating. To cite but two of his figures: at 520 about 46 per cent of the toxin was destroyed within the half-hour period, at 530 about 83 per cent had been lost. Rigdon adds the interesting comment that the rate of detoxication suggests that the toxin may contain two hemolytic agents, both active on rabbit cells, which differ in stability. His tabulated data support this view.
Although Smith and Price8 worked primarily with the beta-lysin, which they say is more resistant to heat than is the alpha-lysin, they * From the Department of Immunology, Yale University School of Medicine.
affirm that a temperature of 550 for 30 minutes will destroy about 50 per cent of the rabbit-cell lysin. Under similar circumstances Rigdon found that his toxin lost about 99 per cent of its potency. From both of these contributions it would seem that the toxin is highly susceptible to heat, and that changes of but a few degrees in the temperature of heating may have a great effect on the amount of residual activity.
Burnet,' on the other hand, states that staphylococcus toxin is definitely more resistant to heat than are most substances of its class, although exposure for 30 minutes at a temperature of 990 reduced the titer of one of his products from 8000 to 15. Incidentally, his work demonstrated that there was no parallelism in the effect of heating (990 C.) on the hemolytic titer, on the binding power, and on the flocculation point.
Contrasting with this statement is the following sentence, taken from Flaum's recent monograph:' "Even (sic) since the studies of Van de Velde, v . Lingelsheim, Neisser and Wechsberg it has been known that the a toxin is but little heat-resistant, half an hour at 580 C. destroys the toxin in all its manifestations."
Thus, all of these findings agree in that they admit heatsensitivity, but they differ widely in the degree to which heating impairs activity. It should be remembered, however, that these conclusions are based on studies with lysins produced by different strains grown under different conditions.
It is of some interest that in all of this work on the thermostability of the staphylococcus lysins no consideration is given to the facts presented by Landsteiner and v. Rauchenbichler' as long ago as 1909, and even to those of earlier workers, such as Dreyer and Jex-Blake, Arrhenius, etc. This work is summarized by Landsteiner and v . Rauchenbichler, and is amplified greatly by their studies on the manner in which inactivation and re-activation phenomena of aipha-lysin can be effected by heating. In brief, they found that a staphylococcus lysin could be markedly reduced in activity by heating at 650 for 30 minutes, and that if it received a further heating at 1000 for 5 minutes a considerable portion of its lytic activity was restored. This loss of activity by exposure to 650 they attributed not to a destruction of the lysin, but to the formation of an inactive compound by union of the lysin and other components of the medium at this temperature, but when subsequent heating at 1000 was applied the compound was broken down and the lysin again became active.
The exact nature of the substances which thus mask the lysin is not disclosed.
Incidentally, with the lysin with which they worked lytic activity persisted in considerable measure after exposure to 1000 for 30 minutes. Landsteiner and v. Rauchenbichler concluded that the substance which combines with lysin at 650 to render the latter inert is a derivative of the staphylococcus itself or something produced by it in growth.
The purpose of the experiments here reported was not that of providing a final word on this question of lysin lability; the data accumulated upon this point have been quite incidental, though they are not without interest in extending somewhat the early observations of Landsteiner and v. Rauchenbichler.
In an earlier paper attention has been called to the presence of two zones of flocculation which may manifest themselves when filtrates of this culture are incubated under suitable conditions with antisera. An effort to define the nature of these two reacting zones involved the use of heat, applied to the toxin as well as to the antiserum, the thought being that if one of the zones of flocculation could be suppressed by exposure of the toxin to heat and if, coincidentally, some other manifest property of the toxin were lost, the factor responsible for at least one of the zones might be identified. To this end, quantities of the undiluted toxic filtrates, by prior test shown to be rich in alpha-lysin, were heated for 30 minutes (a period arbitrarily chosen) at temperatures, usually, of 60, 80, and 1000 C. Following the heating, serial dilutions were prepared, and the tests for lytic action were made by adding to the tubes a constant volume of a uniform suspension of rabbit cells, and incubating the mixtures at 420 C. in a constant-temperature water-bath. As in the flocculation tests previously reported, the tubes were so placed in the waterbath that only the bottom third of the contents of the tubes was immersed. This allowed for continuous observation throughout the one-hour period over which records were made at frequent intervals. Thus was obtained a record not only of the final end-point, but of the progress of the reaction also.
The limitations of the work here presented will be obvious, since practically all of the tests have been made with toxic filtrates prepared from but a single strain, the so-called Wood 46 culture. It is not the purpose, however, to present results such as would permit broad generalizations, but rather to comment on certain facts bearing on heat-resistance that seem not to have been mentioned in published reports. The most significant of these bears on the matter of the age of the filtrate, in terms of culture incubation period, in its relation to resistance to heat. Let it be stated at once that an explanation for some of the results remains to be found.
Many filtrates have been tested, some of them several times, all produced by the growth of the staphylococcus in a liquid medium by a modification of the method of Casman.2 Among the toxic filtrates have been preparations of high lytic capacity, others of relatively low potency, some prepared after very short periods of culture incubation, others after prolonged culture growth. Furthermore, the pH values of these filtrates have differed widely and, although it is well known that with other toxins of bacterial origin the effectiveness of heat as an inactivating agent is modified by the pH of the toxin, the results here offered can not be attributed, solely at least, to this factor. With all of these filtrates the same general behavior with respect to the sensitivity of the lysin to heat has been manifest when comparable toxins have been tested.
Before describing the results of the experimental work, a word may be said about the method here used in expressing the relative titers of the lysin in the different filtrates subjected to heating or tested as native unheated filtrate. As has been said, continuous observation was possible during the test for lytic activity, and the results of this action were recorded at the following intervals-2, 3, 4, 5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 45, and 60 minutes-in terms of the degree of hemolysis present, as +, ++, +++, and ++++ or complete lysis. The latter was judged by superficial observation only. The lytic value of a given dilution of lysin was expressed by adding the various products obtained by multiplying the degree of lysis by the reciprocal of the time, and the value for the toxin as a whole is expressed as the sum of these values for all of the dilutions tested. This is, of course, not a titer in units, but it does give a value of service for purposes of comparison and it makes it possible to express as one term, for comparative purposes, the results obtained with the three variables, time, dilution, and degree of lysis.
As an example of the type of results which may be obtained in an actual titration, the data of the following That exposure to heat would weaken the lysin was expected; unexpected was the fact that heating at the 600 temperature would result in an inactivation of the lysin so far out of line with the effect of the other temperatures. From the protocols presented by Landsteiner and v. Rauchenbichler it appears that 30 minutes at 650 may reduce the titer of a staphylolysin from 1: 2048 to 1: 16, a reduction in potency fully as great as that observed here. Their subsequent restoration of potency was accomplished, however, by subjecting the 65°-heated toxin to a further 5-minute period of heating at 1000. In the heating procedure followed in these tests the material for each test of heat effect was immersed in a water-bath already adjusted to the temperature indicated, hence, with the small volume of toxin used, the material heated at the higher temperatures could have been heated at 60 or 650 for but a very brief period. It may be questioned, therefore, how much inactivation with subsequent re-activation took place under these circumstances. Whatever the reason may be for the fact that a temperature of 80°is less destructive than is one of 60°, whether it is an evidence of a re-activation or simply of less inactivation, it is certain that the influence of heat is related to the stage of development of the peculiar products yielded by the growth of the organism. It is, of course, recognized that contributing to these results was the matter of the pH of the toxic filtrates at the time of heating, but this seems to have been of less importance than were other factors. To illustrate this point it may be well to present the data derived from tests on a more extensive series of toxic filtrates prepared from a single growth of the organism and collected at intervals throughout the period of incubation.
The data below are those obtained with toxin No. 10, grown in a buffered broth over a period of 216 hours. Shaking of the culture was continuous during the entire period of culture growth. Samples of culture were removed from the flask at intervals and each was filtered (Chamberland) immediately. Tests of the effect of heat upon lytic activity were made during the course of collection of the successive samples, but the tabulation presented below represents tests made at a single time subsequent to collection of the last sample at the end of the 216-hour period of culture. the early period in culture growth at which considerable amounts of alpha-lysin appear, but it must be remembered that culture growth under the influence of continuous shaking is markedly accelerated. From 8 hours on, the lytic action of the native filtrates progressively increases throughout the first two days or more. But it also appears that the lysin which develops so prompdy is one which is far more sensitive to 600 heating than to heating at 80°. (At the moment, it is being assumed that the effects described are essentially those of the heat upon the lysin alone, and not upon any other material present in the filtrates.) The results also suggest that the 60°-resistant lysin makes its appearance rather abruptly, after about 36 hours, and that, as measured by direct titration, it disappears with equal promptness some time after 72 hours of culture growth. It seems, also, that there is a period in the culture growth when an appreciable fraction of the lysin withstands heating at 600 as well as it resists heating at 80°. (It may be pointed out that a value of "16" as given in the table means that in the highest concentration of filtrate tested-1: 10-but a trace of hemolysis was evident in a single tube after incubation at 42°for 60 minutes; essentially, a negligible amount.) Interesting, too, is the lysin which resists 800. In point of time its presence has a broader base, from 12 to 72 hours and perhaps longer, and it seems to represent, at its maximum concentration at 36 hours, a very large fraction of the lysin measurable in the unheated filtrate at that time. Early in the period of growth something of lytic capacity develops which comes through the 80°heating better than through exposure to a temperature 20°lower. It would seem that perhaps this same something is also present in the filtrates from the older cultures.
Some of the lysin is not destroyed even at 1000 within the halfhour period; whatever fraction it may be, it seems to be found largely in preparations made during the second day's growth.
All of these observations indicate that filtrates prepared from staphylococcus cultures under conditions of accelerated growth vary widely in their behavior toward heat-inactivation at different temperatures, and that having some bearing on the differences exhibited is the age of the culture. That during the period of growth there is a change in the pH of the culture is true, but the explanation for such marked differences as are observed is hardly to be found in this factor. Such an explanation could hardly provide a valid interpretation of the results obtained with the early filtrates, where 60 and 1000 temperatures are dearly inactivating and 800 is less so; for example, the 30-hour filtrate retains essentially the same degree of activity after heating at 60 and 1000, whereas, when heated at 80°t he material retains some 12 times the potency. It should be made clear, however, that the figures given above for this particular filtrate may not hold for other preparations, though the principle appears to be valid. At all events, any statement to the effect that alpha-lysin is or is not heat-labile is without meaning unless some qualifying terms are added to the affirmation.
An explanation for the different degrees to which exposure to heat influences alpha-lysin has not been obtained. It will be recalled that flocculation tests with these filtrates led to the suggestion that at least two flocculable components were present, as evidenced by the two-zone phenomenon. These tests of lytic activity might conceivably be interpreted as pointing toward the same conclusion, and some support for this idea may be drawn from the fact that reports have appeared to the effect that certain strains of staphylococci yield more than the one usual type of alpha-lysin. Such an interpretation would assume that the two lytic elements differ distinctly in thermostability and that they represent different phases in the metabolic activity, associated with the duration of active growth, of the bacteria.
Another possible explanation has been entertained,- Far from showing an inhibitory effect, the sub-reactive quantity of 600 filtrate present obviously supplemented the high dilutions of native filtrate, causing them to give reactions more intense than were obtained with like dilutions in saline. This test does not dispose of the idea that an inhibitor, of specific or non-specific nature, may be involved in the tests with heated lysins, but if such is the case it is not disclosed by such simple procedures. Some of the remaining experiments to be recorded in this paper permit further comment on this point.
In the tests of thermolability thus far described the period of exposure of the filtrates to heating has been uniformly 30 minutes, a period arbitrarily chosen. In the experiment to follow the time of heating at the two temperatures, 60°and 800, was varied. Two sets of tubes, each tube containing a constant quantity of a single filtrate, were prepared and one set was immersed in the water-bath at 600, the other at 800. One tube of each set was removed for testing after 5 While these results in no way explain the nature of the substance, or substances, acted upon by heat, they certainly indicate that at the two temperatures the processes are quite different. Lability is evident at both temperatures; at 600 about two-thirds of the activity is lost within 5 minutes, at 800 the loss is almost 50 per cent. But at the 600 temperature the loss is progressive throughout the half-hour of heating, while at 80°the fraction remaining active at the end of the initial 5 minutes is reasonably stable.
Perhaps the most simple explanation of this behavior would be the assumption that, after all, the alpha-lysin is actually a labile element of the filtrate and that its progressive loss in activity with continued heating at 600 truly expresses its behavior toward heat; while the lysis induced by a filtrate exposed at 800 is not an expression of alpha-lysin at all, but results from some change, brought about in the filtrate, having no bearing on lysin as such. If this is the case, it seems dear that the substance so transformed by heating is a product to be found in culture filtrates only at certain periods in tile growth process of the culture. If, also, the lytic agent is nonspecific in nature it might well effect its lytic action on red blood cells other than those of the rabbit, and its non-specificity might be evidenced by failure of an alpha-lysin antiserum to inhibit lysis. Both of these ideas are readily subject to test.
A point opposed to the possibility that the 80°-resistant lytic substance is a non-specific agent-a product of heating-is the fact that if the 600-heated filtrate is given a further exposure to 800 for 30 minutes all lytic action is lost, just as is the case when filtrate is given two successive 30-minute periods of heating at 600. In this connection it will be recalled that Dreyer showed that megatheriolysin inactivated by heating at 60°could be restored to one-fourth its native potency by subjecting it to further heating at 1000 for 10 minutes, and that Landsteiner effected a similar change, by a like technic, in the activity of staphylolysin. Apparently 809 heating does not have a comparable effect.
Additional evidence bearing on the question of a possible nonspecific agency developed through heating at the higher temperatures is afforded by subjecting the filtrates to the tests mentioned above.
If a lytic agent can be produced by heating filtrate at 80°it does not necessarily follow that the lysin, even though essentially nonspecific in nature, must act upon human red cells; yet if tests with such cells were positive they might be interpreted as evidence of such a non-specific lysin, since these filtrates contained but little beta-lysin. A titration was performed in which serial dilutions were made of the native unheated lysin and of the filtrate heated at 600 and at 800. Human erythrocytes were added, and the usual 60-minute incubation period at 420 followed. No trace of lysis appeared in any of the tubes, as was proved by centrifuging the materials and observing the clear supernatant fluids. As an additional check, these supernatant fluids were transferred to other tubes and rabbit cells were added. Although there had been no detectable lysis, had the human cells changed the behavior of the filtrates toward rabbit cells, especially if such a change were of differential nature, the problem of interpretation would be less obscure. As a matter of fact, the tests with rabbit cells gave values as follows: With the unheated lysin the concentration of serum used reduced the lytic value by about 75 per cent; while with the heated filtrates lytic action was abolished, that of the 800 filtrate as effectively as that of the 600 preparation. The tests with antiserum do not indicate that a non-specific lysin had been engendered by exposure of the filtrate to 80°, but it must be noted that this antiserum had been produced by immunization with native filtrate, and doubtless it contained several antibodies, as has been suggested by flocculation tests. In further tests along this same line, antisera have been produced by injecting rabbits with toxins which had been heated at 600 and at 800. Such antisera have been tested for their capacity to inhibit lysis induced by native, 600, and 800 filtrates, but no dear evidence of a selective neutralizing action could be found. It thus appears that there is nothing to support the view that the greater capacity of filtrate heated at 800 to cause lysis, as contrasted with the 600 filtrate, is due to the formation of a lytic substance of non-specific nature.
Another point may be mentioned as indicating that the fraction of the lysin which resists 800 is associated with alpha-lysin and is not an extraneous substance. A considerable number of staphylococcus strains were grown under the same conditions as those governing the culture of the Wood 46 strain, with a view to determining whether toxins produced by other strains behaved in a similar fashion as regards heat lability. Several strains proved to be satisfactory producers of alpha-lysin; others failed to yield the lytic agent. With those strains which gave alpha-lysin the reactions to heating at 600 and 80°were comparable to those of Wood 46; while with the strains which failed to show alpha-lysin in the native filtrates no indication of activity was evident after these filtrates had been heated at 800. This by no means proves that the heat-stable fraction is alphalysin, it only means that it is associated in some manner, in so far as these filtrates are concerned, with growth of the organism under conditions where alpha-lysin is elaborated.
Although it is not the purpose of this paper to offer an explanation of the phenomena of varying heat-resistance as exhibited by staphylolysin, it would appear that further study must be given to the suggestion offered by Landsteiner and v. Rauchenbichler. These results are offered merely to call attention to the manner in which toxic filtrates may vary in thermostability, even when but a single strain is used in their preparation. Possibly some of the conflicting reports on the degree to which staphylococcus toxin may vary in regard to heat-inactivation may be explained upon the basis of the findings here recorded.
Summary By cultivation of toxin-producing staphylococcus strains under conditions of constant shaking, growth of the organisms is greatly accelerated, and along with this increased growth rate there is a rapid development of alpha-lysin.
The alpha-lysin so produced shows varying degrees of susceptibility to heat. In general, exposure to a temperature at 600 C. is more destructive than is exposure for a like period to 800. There are, however, periods in the growth of the culture when heating of the filtrate at 600 and at 800 has essentially the same inactivating effect.
The evidence at hand suggests that the greater resistance to 800 than to 600 is not due to a substance unrelated to, or unassociated with, alpha-lysin.
